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NAFI TR-1331

The purpose of this study-was to establish a criterion which

could be used to predict the stability performance of servo amplifier/
seromotor coefinations. A par ticular amplifier/mo)tor combination is

- voltage due to the effect of the servomotor impedance on the amplifier

-internal feedback loop. These oscillations are not to be confused with = -|

jj -. those of a servo system.

this study develops a technirae to obtain the open-loop gain

[characteristics of servo amplifiers by means of external measurements
twith no access to the feedback loop and no knowledge of the exact ampli-

fier circuit configuration. With this technique and proper specifications

on the servomotor, a worst-case stability dumm. load can be specified for

I -. testing the stability characteristics of incoming production servo ampli-

- fiers. The theory, procedures, and test techniques necessary to obtain

the worst-case loads are presented. Amplifier loop gain and load impe-

dance frequency characteristics are examined todetermine the frequency

range where instability may occur. Specialized computer programs written

L J .i to aid in the stability determinations are included for future reference.

A limited number of servo amplifiers were evaluated, and the results are

[I 1 summarized. Recommendations are made to modify present specifications

1* fIto include parameters which will insurc the stable operation of amplifier/

motor combinations.i " I .- This work was performed under AIRTASKS A34520/2311/69FI7532402

aad a?4522oo6/231l/FO08-01-15 for Naval Air Systems Command (AIR-52022).

!I
Hg -

-)



NMFI MR-1331

This report presents a study of the stabilit- pioblem (tendency

for unwanted oscillation) of a servo a lifier driving a servomotor.

Servo amplifier stability is affected by the servomotor impedance being

Sreflected back into the amplifier internal feedback loop.
The servo amplifier/servomotor modeling techniaues used for

stability evaluation are considered. The study develops techniques for

evaluating, testing, and specifying servo amplifier/servomotor combina-

tions with respect to stability. Recomendations are made to modify pres-

ent specifications to include parameters which will insure stable cqPra-i

tion of amplifier/motor combinations. A limited number of commercially

available servo amplifiers with standard servomotors are evaluated and

results are summarized.
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GLOSSARY OF MOTOR MODEL TERMS

s := R c+ R -" Series Resistive component of the complex impedance

RAC ......- Serie. AC resistance

- f DC resistance of the stator or stator copper loss

i's -. . Srs Inductive component of the complex impedance

--------XL- Seri:s Reactive component of the ccmplex impedance>-" s --- - Stator leakage inductance,

- ------ Rotor leakage inductance

- -- LM ------- Magnetizing inductance
- R: ." 'Core loss

jR -- -Rotor -Resistance
5 ,S slip

-------- Effective rotor resistance,.

Alp Leakageinductance in half' the primary (stator) which is

~not magnetically coupled to the other half of' the primary_- win-ing.

Series Motor Model - A simple model of the servomotor in which the impe-

dance of the control winding is lumped into three series components:

IoC, P.ACi and t..

Complex Motor Model - A more realistic model of the servomotor in which

the. inductive coupling between the stator and the rotor of the motor is

represented by a symmetric transformer equivalent.-
Ideal Equivalent Circuit - An equivalent circuit of the servomotor which

was developed theoretically and does not take into consideration para-

sitics associated with the actual components which will be used to im-

plement the circuit for laboratory testing.

Practical Equivalent Circuits - An extension of the Ideal Equivalent

Circuit which includes models for the physical components (and their

associate& parasitics) used in the experimental dummy loads. These

equivalent circuits were establishea and analyzed using the NAFI CODED

circuit analysis program to verify the experimental data measured in

the laboratory.

Experimental Equivalent Circuit - An equivalent circuit which schemati- 1'
cally represents the configuration of the actual physical components

viii
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utilized in the dummy load for laboratory tests.

EQUIVALENT CIRCUIT SERIES MCDEL COMPX MODEL

Ideal Fig. 28b Page 65 Fig- 5 Page 17

Practical Fig. 28 a Page 64 Fig. 26 Page 62

Experimental Fig. 28b Page 65 Fig. 27 Page 63

Similar to Idal Circuit

ixEDi
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Lii

A. Present servo amplifier and ser-vootor speciiations are t srm i-t

cient to insure the stable oaeratlon of the combination. Meny -a 3 ,f x

spacifications do not present the range of loads ihich w- resul in

stable azmlifier operation. Mbe effects of the fr emency characteristics

- of the load on the amplifier loop gain are not considered. M-P servntor=

II - specifications do .rkt usa ly me ion ,aramters hich are isport for.

stability considerations., such as the control windAing DC reitne n

the leakage reactance between. the hal,.es of the control. winding.

B. !he standard, series equivalent circuit mator model- (Pg.9 3, Pag 15)

is not sufficient to, determine t" stability ebharacteristics of a servo-

mor/servo amplifier cmbination. This motor mdel does not simal-ate

the frequency characteristics of the motor except at the operati-

frequency (00 HZ).

C. The standard series ecivalent circuit motor model incldig the

control winding DC resistance OBc), the leakage reactance (XLLI) and the

equivalent transformer between the halves of the control winding (Fig. 28b,

)age 65) is sufficient to simulate the mot-or characteristics and to deter-

mine the stability performance of the amplifier/motor combinations at

frequencies above the operating frequency (400 Hz). For the limited num-

ber of amplifiers tested, it was observed that all instabilities occured

at frequencies above 400 Hertz, I general, however, the equivalent series

motor model would not be sufficient to test for aplifier/motor combina-

tion instabilities because oscillations could occur at frequencies below

400 Hertz.

4D. The complex equivalent circuit motor model (Fig. 5 pag% 17) is suffi-

cient to simulate the frequLncy characteristics of the servomotors both

j above and below the operating frequency.

.11
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- led of ex-.r._l access to servo ae Ifier feeffbck loop and Mp

- ~dvo tbe cir-cut cCOfig=uation, it is ssb by an externoal mea-
4 .sr~en ~"~ to~L&-theic .eita cte tis of an a=61 ler.

. . .y reqireme-t necessary for th2Is tecbnique to be va2id is taat

S tbere:be feedback caected to one of the outpat terminals. Olis is typi-

ca, -since 3cz output itgedance an-A gain stability are desired and acieved

-- ,tbis.feedbamck coenecticic.

-~ . ~stbiltyperfor-mance of a servo a- 1 4 iejsrvuzo cocibinatIon I
-can be established- by a vorst-case stability dtzimy l.oad test.

G. M6 power output capability of a servyo arplifier can be established,

bj-a vorst-case power dummy load test.

-n- mn- .- A vncil orst-caise du=W load can be established for evaluating

servo -aplif phase shift, gain sagnitue, gain lineaxity, and saturatedI -OMLuvoitage by mp-of transfer function plots.

I. A tecbnique is necessary to establish the correlation between the

Sva_-is of Pc and 11,5 and between the values of R and Ls in order to

-:determine realistic limits for a worst-case dummy load. (See Fig. 3,

' .ge 15, for definitions.)

J. A measurement technique was necessary to obtain 4,c and LL since these

parameters were not specified.

i K. Mne stability of servo amplifiers is very sensitive to proper signal

- and power ground connections. The large power ground currents must not

flow through the input signal ground lead.

L. Proper heat-sinking of a servo amplifier is very important since the
! i amplifier tends toward instability with increasing temperature.

M. The choice of a dummy load for an amplifier depends on the internal

Icircuit configuration and open loop gain characteristics of the amplifier.

2
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- Servo amlifier procurement snould inerpate test-ing with wors--

case dmW loads to estadllsh more accunate and compulet: ampilfi& per-;i,

IT formance data. it is recommended that three separate duny loads be

utilized. A nominal duy load should be utilized to obtain amplifier-

room temperature performance data such as gain magitude, gain linearity,

phase shift, and saturated output voltage level .

Mhe second load is the worst-case stability dummy. load:-, This load j
~ tshould represent the worst set of amplifief load parameters which would

tend to cause oscillations in the amplifier output voltage. The amplifier

- should be at high temperature when tested with this load to establish a -

worst-case-stability condition. The dummy load may be designed fdr use ,

at room temperature by having all its temperature-dependent parameters

-~ altered to simulate a motor at the worst-case high temperature.

The third load that should be used is the worst-case power dummy

load. All of the temperature conditions and load parameter values should

be chosen to provide a load which will produce minimum in-phase power

delivered to the load.

It is suggested that the complex motor model (Fig. 5, page 17) be

used for the worst-case stability dummy load. The parameters which must

have their ranges specified to determine the simpler equivalent series

motor model (Fig. 28b, page 65) are Rs, Is, R~c, LLP. The coupling coeffi-

cient, K, between the stator and rotor of the servomotor is the only addi-vtional parameter needed to obtain the complex model parameters from the
equivalent series mod.el data. Preliminary calculations from the limited
amount of testing performed indicate that only the value of K has a see-

ondary effect on the motor impedance (Z12) and, consequently, on the

stability in the frequency regions where instability is likely to occur.

Therefore, it is recommended that only the parameters for the equivalent

series motor model (Rs, 1s, Roc , and Lp) be required on the motor spei-

fication. The value of K should then be determined by the method presentad

in the report when worst-case dumy loads are being developed.
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S- Bo SEMOMIOR SPECIFICATION CHAIM S

Servomotor specifications should include the maximum value of the

leakage inductance between the halves of the control winding (Ip.L) and

the ran geof values of the control winding DC resistance (Nc) as defined

in Figure 28b, page 6 . The technique presented in this report to measure

these recommende'd motor parameters should be utilized. F '
In order to develop a worst-case dummy load from a motor specifica-

tion, bounds must be placed on motor parameter values. Using the data

--ava iable (about 30 samples for each size motor), bounds were placed on

the motor parameters. It was observed that realistic bounds could only

be egstablished when correlation between cer'tain motor parameters are

taken into account. The value of the control winding series reactance

'(Y"s )- s correlated with the control winding total series resistance (Rs)
'and DCd. resistance (4c). Since XLs is the motor parameter which had the

minimum value distribution spread about the sample average, it was chosen

as the independent variable for the correlation. Thus, for every value p
of XLs, there exist ranges of the values of R3 or F c. The region of

acceptable motor parameter combinations on a plot of XLs versus either

Rs or PEc woutld be a parallelogram rather than the square region obtained

when all parameters are considered to be independent of each other.

It is recommended that similar testing on larger sample sizes be

performed to establish more accurate correlation and data spread infor-

mation for the motors. However, using the limited sample sizes available

for this study, specifications for all the motor parameters were deter-

mined. The values of XLs all fell within a range of , 15% around the

sample average. The least squares best linear fit curve was drawn

on the plots of XLS versus %. and Poc . The allowable spread of Rs and 1Dc

values for any particular value of XLS was assumed to be * 15% (rf Rs and V

%~c sample averages) around the best linear fit curves. Table I provides

the coordinates of the corners of the parallelograms defining regions of

acceptable motor parameters on the XLS versus Rs or Poc plots. The

equations for the least squares best linear fit correlation relationships

I;4
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between varameter data sets are given in Table. U. Oumt of the -totl -o. , , .

80 motor data sets available, only the Iata for two motors did not fall

* within the parallelograms.

In addition to specify ing YLS, Rs, and. P1c- using correlation

techniques, the- sximum value of the leakage inductance between the

halves of the7 control nding (Lp,) should be specified. The largest 7- .

value of L, is the worst-case as far as stability is concerned, and- Lp .
does wot sigaificantay affect the nomia or -worst-,case.-wr- aummy ldads - -jm! at 400 Hertz. A worst-case value of 2.6 mh was used to determine the

dummy loads for the set of motors investigated. This vaiue was sligitly t
higher than the highest experimental value -which was 1.8 mh. j

5.
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T - I Cooiles of the Corners Of te-Para lelogas

... Defining Pesons of Acceutable Mtor Paamter Ccbinations

RDc Range* R a

i a6o.6 6.3 - 91.1 96.9 - 41ICT_a

21-7.3 87.3 - 114.1 157.7 - 202.5

151.5 17.A - 2T.2 49.7 85.7

205.0 37.9 - 7.7 157.6 - 194.2

81.7 6.8- 10.6 33.5 - 51.3
15

______110.5 14,9 - 18.7 67.6-- 85.4
*..o. measured at r temperature

TABLE II Least Squares Best Linear Fit Equations

Motor Size Equations for Least Squares Best Linear Fit

8 .c = 0.4057(XTs) + 12.536

8 R' = 1.0732(X ) - 53.083

lU c = 0.3824(x1 s) - 35.625

]3 R = 2.0296(_ ) - 240.136S S

15 Bbc = 0.2790(X) - 14.074

15 R = 1.1861(x) - 54.529

.
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A. STATEMKTW OF PROBLEM

The basic problem and purpose of this report is best demonstifated

by the following real life example. A servomechaiiism is designel and,-

tested with a certain servo amplifier/servomotor combination in the con-

trol loop. The servo operates satisfactorily and meets-all of the design

specifications. Specifications are then drafted for the amplifier and

motor and sent to manufacturers fIr bid. The contracts for the servo

amplifiers and servomotors are awarded respectively to Company A and

Company B. The system operates satisfactorily with this particular ampli-

fier/motor combination. Upon completion of the original contract, the

servo components are resubmitted for bid. Company C is awarded the con-
tract for the servo amplifiers and Company B retains the contract for the

servomotors. When this motor is connected to the amplifier, oscillation

'3 occurs. The oscillation normally occurs at some frequency above the

specified operating frequency. This, of course, causes extremely expensive

production delays and crash analysis studies to determine the cause of the

problem.

LI This exampJ.z problem points out the fact that present servomotor/

servo amplifier specifications are not sufficient to insure the stable

operation of amplifier/motor combinations. A sufficient set of specifi-

cations were established for the determination of amplifier/motor compat-

ibility. In determining these specifications, the economics of increasing
A the price of the components due to additional specifications was kept in

mind. Therefore, it was of prime consideration to keep the number ofr additional specifications tc a minimum and to establish a testing technique

which would not be costly in an inspection and production environment. The
Ifollowing ideas, reasonings, and solutions were used to develop a criterion

Z which would insure the stable operation of servo amplifier/servomotor $

combinations. It is intended that the information contained in this

J report will be useful to both manurecturers and users of servo amplifiers

and servomotors.

'17
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B. GENERAL DESCRIMON OF SERVO AMI MROERTO
Figures la and lb-illustrate typical servo amp lifier/servo-

r amplfier with a built-in 90 "phase shift. A push-

motor diagrams tfor cyle ofliie theh abil4 pull, usdilly Class B, output stage is employed. This type amplifier acts

like -tW6 separate- amplifiers operating on alternate half cycles of the

carrier. sig , ith 1,op gains that are relatively independent of one

S-iothek.- Oe stability problem is dueto the feedback required to obtain

the desired amplifier characteristics of low output impedance and cali-

brat&ed gain. 1e feedback loop is normally connected to one side of the

output stage, and therefore, has different paths' during different half-

cycleg. of the carrier si It should be noted that the tuned motor

1:6a'-and the tuned interstage transformer are usually in the feedback

"ptimum performance and power transfer to the motor are attained

fby tuning the -motor impedance for unity power factor at the carrier fre-

>1 quenyM. This is uqually acotplished by a parallel tuning capacitor on

the' €ohtrol winding. Although some stability advantage can be achieved

ith a paraliel tuning capacitor on each half of the control winding

(reference NAFI TR-1053), the continuing efforts toward small size and

weight in military electronics favors the single capacitor tuning method.

All motor tuning referenced in this report will mean single capacitor

Ituning unless otherwise specified.
The major consideration in this study is the determination of

amplifier/motor compatibility with respect to stability. The advantages

and disadvantages of the test methods are reviewed with respect to feasibil-

ity for use in a production environment.

A number of amplifiers and motors were tested to verify the

theory presented. The results are given in Chapter VIII.

8-

8 ~
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As pointed out in the introduction, present servo amplifir1!

servomotor specifications are not sufficient to predict the stability

performance of the combination. Present servo amplifier specifications.

state that the amplifiers are designed to operate into an effective imp.-

dance of XXX (ohms). This specification assumes that the load is basi-

cally inductive and tuned at the operating frequency by means of a paz l-
lel tuning capacitor. The specification in no way takes into account

fthe stability characteristics of the amplifier over the entire frequency

range of interest.

1 Preseat servomotor specifications call out nominal values of

the series resistive component of the complex impedance (Rs) and the

pseries reactive component of the complex impedance (X~s). These specifi-

cations are sufficient to specify a motor model that adequately simulates

I the characteristics of a servomotor at the operating frequency. It shall

be demonstrated that a stability problem does not exist at the operating
frequency, but at some value above the operating frequency. Because of

I this fact, the present servomotor specifications and models are not

adequate to properly simulate the characteristics over the entire fre-

I quency range of interest.

The first consideration in determining stable operation of

; .1the amplifier/motor combination is to establish a method to predict the

j stability characteristics of the servo amplifier. In order to predict

t I the stability performance, it is necessary to obtain the open-loop gain

characteristics of the amplifier. The first method utilized consisted

of performing a circuit analysis using the NAFI CODED (Computer Oriented

jDesign of Electronic Devices) circuit analysis program on the amplifier/
motor combination. This technique is not feasible in a production envi-

i ronment because the amplifier manufacturers are hesitant to release the

actual circuit schematics which are of a proprietary nature. Even if the

j schematics were available, thare is no guarantee that the manufacturer

11
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will not change the circuit configuration in the middle of the contract,

j so as to improve the circuit design and perforrmance. For these reazons,.

this method -f obtaining open-loop gain- chrracteristics is not satisfac-

j tory in a production environment.

The second method of obtaining the open-loop gain eharacteris-
tics of the amplifiers consists of obtaining a frequency response of the

-amplifier with the feedback loop opened. This msthod is also not feasi-

ble in a production environment since the amplifiers are totally encased

and usually have no access to the feedback loop.

Since the amplifier in.ernal circuitry cannot be determined

nor usually specified, and -since there is no access to the feedback loop. '

it is necessary to look at the characteristics of the amplifier from

terminal (external) measurements. In general, any circuit with one or

more feedback loops-can be represented by an equivalent circuit with Lw
only one feedback loop. The equivalent circuit utilized in this st.{

is illustrated in Figure 2. The parameters G, H, and open-looD output -.

impedance (Zo (OL)) are frequency dependent variables. Usually Zo (OT is

high compared to the load impedance and is neglected.

A method was devised to measure the GH product as a function

c' frequency and is presented in Chapter VI. From the values of the G. F
magnitude and angle at each frequency, a load could be calculated that

!Iwould cause instability (GHZ, = loop-gain = 1 /1d). The plot of this
critical load versus frequency is then compared with a plot of the motor

load as a function of frequency (see Figure 21).

From a comparison of the two plots, it can be determined whether

this particular motor load can cause instability. A more thorough dis-

sertation of this testing method and stability criteria is given in

, I Chapter VI. As a method of insuring the stable operation of amplifier/

motor combinations, this method is not feasible. A large amount of time

and effort is required to obtain the frequency characteristics of each

individual amplifier. However, this method of obtaining the open-loop

gain characteristics is valuable and necessary to determine a worst-case

dummy load which can be used to test amplifiers. It is also useful in

12T
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the design of sernvo a-nlifiers. Ftcn the ssandpoint of specifications,

this nethod would fecuire the specification of li-its for open-loop gain

cha meeristics which iuld be dil- ficult to check in the incoxing qualifi-

cation ofP a-splifiers.

The. methed. suggested for specifing and test:ng productioni Iailifiers and mrotrs for cceet~ibi'it-Y is called the worst-case stability

duWy load test method. Either by means of pre-vious experience or by U
means of obtaining the open-loo- characteristics of a sample of amplifiers,

tlie generall qpen-lool) gain characteristics off the amlifiers must. be
known. With this knowledge, a proper selection c! servomotor parameters

can be made which will result in a worst-case stability dumry load. This

load is effectively the worst load with respect to stability to which the
. amplifier may be subjected. Each amplifier msy -ae tested with this speci- F

fied dunrj load to insure stable operation with ai specific size of motor over

an entire frequency range. The only necessa-y alition to present ampli-

fier specifications is to include testing the aml.ifier with the worst-

case du=Vi load.

In order to properly determine a dui=V load which will simulate

the servomotor characteristics over the frequency range of interest, a

more thorough servomotor specification is necessary. The additional V I
- I specifications required include, a tolerance on Rs and XLs, the DC . esist-

ance (NOe) with an appropriate tolerance, and the maximum value of the

leakage inductance (Lp). Justification for the addition of these param-

eters lies in the requirement for a more accurate motor model. Chapters

f V and VII and NAFI TR-1053 validate the necessity of an improved motor

model.

Economically speaking, the dummy load method of testing with

the addition of these few parameters is the best approach. The justifi-

cation for the increase in price for the addition of those specifications

of course reverts back to the savings that will result due to reductions

of production shut-downs caused by the stability problem. Normally, when

the stability problem occurs, an analysis of the problem results which

can also odd an appreciable amount to the already high cost of the shut-

down.

14
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IF~ V. SEROMOTOR DISCUSSION

A. SERVOMITOR DESCRIpTIONq

. Equi&alent Circuits

Servomutor manufacturers' specifications list the- equivalent
series circuit parameters as shown in the equivalent series motor model 

t

of Figure 3. 4

JCT
t F,

Li Figure 3 Equivalent Series Motor Model

The inability of this series circuit to properly simulate
actual motor impedance over the frequency range of interest necessitates1k the use of a more complex servomotor equivalent circuit. Most litera-
ture uses the simplified equivalent circuit shown in Figure 4 to repre-sent one phase of a servomotor operating under balanced conditions.
However, servomotors with center-tapped control winding for push-pull
amplifier applications suggest an equivalent circuit with three input: I terminals. Actual servo amplifier operation as shown in Figure 1 further
justifies this idea. Therefore, Figure 5, the modified servomotor equiv-
alent circuit as suggested in NAFI TR-1053, is the choice for most
practical applications with balanced input motor voltages. In a null-
type servo system, the voltage on the control phase will be much less

I., 15
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thean the rated vabue a large Percentage of the ti=e. However, an analysis
of the ~a ufnbaelanced and a balanced case, using the CODED cir-

crlt anlsscvtrwarres-ilted inltl significant dfeec

i- tween the loads at -frequencies away from 40O Hz.

-2 Eialent Circit with Center-Tap Control Winding

- in kire 5, the control phase winding DC resistance (Poc)
aTA the leakage inductance (k?) b4tween the halves of the control wind-

- - ing are snOwn in the primary circuit of an ideal transformer. This trans-
former is-necessary to reflect the load to either half of the control
winding depending on which half of the amplifier output is operating.
T-he symmtetrc transformer equivalent simulates the tator and rotor load-
fug in the secondary as folliows: The magnetizing inductance and the

-. stator and rotor-leakage inductances are represented in terms of the

co.pling coefficient (K) between stator and rotor windings. RR/S is the '
effective resistance of the rotor. Rote that the iron magnetization. sses represented by resistance R, in Figure 4 are ignored. AccordinFj l~oss ures byrsitnc. 1ost sources, this is a fair approximation, since the ratio of R to

g -X is much greater than one. The impedance groups of Zi and Za are

- utilized in the procedure to determine the equivalent circuit parameters.
j B. EQUIVALENT SERIES CIRCUIT, PARAMETER CORRELATION

P 1 In order to specify worst-case dummy loads, the servomotor
. ! paramieters must have lii-its associated with, each of them. Initially, the -

motor parameter limits were established and a dummy load developed, based

on the assumption that all motor parameters were independent of each

other. However, nearly every amplifier tested with this load exhibited

unstable operation. After further investigation, it was determined '--

that there is correlation between the %,c , R$, and Z s motor
parameters, and this was not considered in the initial dummy load. The

result was that the dummy load parameters were placed at their uncorrela-

ted extremes in such a way that actual motor parameter data would not

come close to the dummy load data. For example, consider the plot of Rs
$ j versus ,.s for several motor samples as illustrated in Figure 6. It was ,

determined that the condition where XLS is maximum and Rs is minimum is
the worst case as far as stability is concerned. The uncorrelated param-

eter specifications would have indicated the use of data correspondinga I
18 I l
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S-to point 1 (Figure 6) while all of the data fell within the parallelogram
indicated by the heavy lines. Actually, the data a point 2 represents

a much more realistic worst-case set of data for dummy load determination. u
The simple series equivalent circuit of the servomotor was used

because a large part of the experimental data available for this study

cb nsisted of data for the simple case only. Most of the actual motors

were not available for further testing, so all data correlation and dis-

tribution information had to be derived from the series equivalent circuit.

The servomotors for which data was available are listed in Table III.

-Table IV lists the series equivalent circuit parameters received from

- IKearfott and NAD Crane, Indiana. Table V gives the series equivalent

circuit parameters and the complex equivalent circuit param6ters for the

servomotors tested at NAFI. As it will be pointed out later, the worst-

case dummy load was- first determined in terms of the series circuit param-

eters and then converted to the more complicated equivalent circuit

(Figure 5) for experimental testing. [
Excluding temperature variations, the DC resistance (Pc) in

properly wound motors is dependent only upon type, size, and length of

the control wind.ng wire. However, actual sample tests on 30 motors re-

realed worst-case variations of +45% and -30% from the sample average.

The value of tuning capacitor (C) is determined by the value of the in-

ductive reactance (X1S) at the design carrier frequency. The variation

in value of the leakage inductance (LLP) is mostly due to internal design

and manufacturing process. In contrast to the smallness of L.p and its

control, Ls is much larger and more controllable. In fact, laboratory

tests on motors with consecutive serial numbers from a given manufacturer

generally have less than ten per cent variations in XLS. Many have varia-

tions of less than one per cent. Laboratory tests on sizes 8, 11, and 15 f
motors from seven manufacturers revealed that each of the approximately

30 motors per size exhibited an Xts value within ± 15% of their respective

sample average. However, the same tests indicated that the RPc value

fell within the range of -30%..o +46% of the sample average. At the

same time, the worst-case values of Rs had a 72% (of sample average)

spread.

20
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TABL III Sexvomtors

[3NOTE: THE liUMERICAL PART OF THE T'NTFIC&TION COUB DESIGNAT THE IMLR -SIM.

i~TIFICATION CODE YAJFACTUR WDEL NO. SERIL ]NO.

8A XEARFOT"L' 24744l74 y-f 8B " " z
8c VERNITRON ft,44-12R2

8E 2' [U8F ""3

8H 5
81 " " 6

8K it i" 8
8L MCMASTE 26v-o8SM4a 00005
8M 1 I 00001

ift8N "t 00002 (

8Q WESTON-MIANS. it 34-
8R 3421-2

8s it 3421-3

8T 3421-4
P,- 8u VEITON " IX

8v 2X
8w 3x8it i3

it lit

U) 8 B "M "1.8z 28A 3
8BB 4fII
8cc HOROWE "t 5
8DD it 6
8EE 9
8FF " i 10

1A KEARFOTT 2474475 A
11B3lC It

liD TACHTONIC it 105
liE " 0io6
1F it i 107

11 EROT24171475 1IIH i " 2

UKL 5

21
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TABLE MI Servomotor (continued)~ _______V ?ITCATION _______________ MODEL NO. SERMA NO.

11N KEAXRFOTf 24y475 8[
ip? MCMASTERS uISM4c 00001
nQ - 00002
11R 00003

US 1 00005
UTW~~-TRWN. -13fi7

u 31-i8liv 3421-9
• .1 .lw"" 3421-10

lix IO 1flIY " "1 2

UIZ ""3
IIAA " "

15A KEAHFMOl 2474476 7 L
15B is 8
15C TCHf NIC 102
15D 103
15E KEAFOTT 247447 L
15F 2
15G " " BK
ISH 4
151 5
15J 6
15K "7"l
15L I 8
ISM HAROWE 15SMd 17
15N 18I 15P ""20
15Q 21

15R W.ESTON-, NS. 3421-13

15T 342-1

v15U " " 3421-,,6 -

15V Im15W " 2
15X " " 3i 157 4

22

if



° _'

NAFI TR-1331 -

TABLE IV Servomotor Equivalent Series Circuit Pamaters Obtihed' frna j

r

sITFCT~ - RA C

8D 179-3" IL8o1 79.9 58.2

8E 180.0 135.0 79.5 55.5
8F 202.2 155.7 85.8 69.9 .
8G 182.2 136.7 79.3 57.4
8H 184.8 135.3 79.3 56.0
81 185.2 132.1 78.8 53.3
81 185.2 132.1. 77.1 55.0
8K 18o.o 135.0 79.6 55.4
8L 193.8 161.8 87.6 74.2
8M 195.6 159.2 89.4 69.8
8N 198.4 160.5 89.41 71.18P 198.7 153.2 88.8 64.4

8Q 184.o 153.5 98.6 54.9
8R 174.5 148.2 101.5 46.7
8s 195.2 160.3 98.0 62.3
8T 193.4 156.0 97.0 59.0
8u 209.1 175.0 102.0 73.0
8v 209.3 172.5 lOi.. 71.1A 8w 208.2 174.6 103.5 71.1
8x 210. 4 179.2 102.5 76.7
8Y 168.6 133.3 85.0 48.3
8z 18o.5 134.4 84.5 49.9
8AA 174.7 138.4 85.2 53.2
8BB 172.2 133.5 84.o 49.5

8cc 184.1 152.8 91.0 61.8
j 8DD 187.1 152.9 9o.4 62.5

8EE 187.8 152.0 91.9 6D.1
8i 184.6 153.3 91.9 61.4
fG 175.0 103.7 26.8 76.9
n.- 181.0 1o. 1 26.4 83.7
liI 175.0 103.7 24.7 79.0
11J 170.9 104.0 27.0 77.0
11K 173.2 11. 1 27.5 83.6
IiL 173.7 105.8 26.6 79.2
iN 172.2 Ii0.4 27.0 83.4
UN 170.9 I01.o 27.6 76.4
lip 183.2 112.6 28.5 84.1
11Q 179.4 109.0 28.2 8o.8
UlR 171.3 97.9 28.4 69.5
US 175.7 99.0 28.5 70.5
lIT 183.1 148.o 37.7 110.3
flU 184.4 149.9 37.7 112.2
lIV 186.o 158.7 37.2 121.5

23
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f t

TABLE IV (ontinued)

IDENTJFICATION XL S
ECODE MoM) (os) (om) (om.)

11w 186.5 157.2 37.6 13.19.6
UIX 202.3 165.5 43.8 121.7
IlY 204.5 164,3 43.4 120.9
1z 199.2 162.3 43.0 119.3
11AA 189.4 174.6 44.5 130.1
15E 88.3 53.5 11.2 42.3
15F 89.4 51.5 11.2 40.3

15G 89.1 51.5 11.2 40.3
15H 91.3 50.1 11.3 38.8
-151 90.3 52.2 11.2 41.o .
15J 89.1 51.5 1.1 4o.4
15K 90.4 52.2 11.2 41.o
15L 88.9 54.2 11.2 43.0
15M 96.7 58.2 12.3 45.9
15N 93.0 60.0 12.4 47.6
15P 95.1 59.7 12.5 47.2 F
15Q 95.5 61.6 12.4 49.2 j
15R 97.0 60.2 11.0 49.2

15S 96.7 61.1 10. 9 50.2
15T 97.9 62.8 10.9 51.9

4 15U 97.8 62.6 11.1 51.5j 15V io6.4 71.9 16.o 55.9
15W 105.1 7o.4 16.4 54.o
15X 104.6 74.6 17.0 57.6
15Y lO6.2 72.0 16.3 55.7

* Bureau of Naval Weapons Contract Nuxmber NOW 62-1000-F awarded to
Kearfott Division, General Precision, Inc., Little Falls, New Jersey.

** Naval Ammunition Depot

241
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8A 88 62.5 155.5 19.. ........8.5 3
6T. 5D 155-5 199A-TT T 3 8 -

8C 86.. 54.1 138.1 186.1 86.4 1.78 .705 86.6 3o

m 28.9 55.6 81.5 168.6 28.9 1-59 .815 83.2 387
IB28.7 6B.2 96.9 171 28.7 1.71L.83 88.1; 250o ~

liC 29.3 62 9L-3 163.7 29.3 1.59 .823 83.6 310
liD 35.7 76.9 112.6 166.2 35.7 .9 .88k 96.6 35 lE 35.7 84.8 20.5 161.2 35.7 .96 .875 92.0 320 1

1 36 7o0.4 106.4 3A4.5 36.0 .9T .859 89.8 310 _.
15A :12.73 36.7T 49o: 91.5 12.73 L04 .8 44.5 18o ift:15B 12.o6 32.64 4.T 91.1 12.33 .8 .77,9 43.8 185
15C 16.o8 53.82 69.9 109.9 16.o8 .6L .859 68.8
15D 16 54.T 7- 7 :Lo4.8 16.oo .58 .85 66.75 198

6625

i 6 7.1flA W. 60~8.
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It. can be seen frcu tae above parameter sreadsthat the iera -
eter -mst closely coatro ed. and =11-. eas! specif ied isM js. it vas

for bi ressou that YL s as cisen as the inependent variable In a
correlatian anaLysis of the miotor p amters. All of the sample values L

j ~ O a4 R and P*C were plotte versus X _v a~s illus~trated in Figures 6 a nd
for siie 8 motors. Mne linear least squares fit relationships bewe

each of the sets of &iata wwee determined using a !ibrary cot=ter proram.

pried ' the G.E. time-sharin service. A 115% tolerance aoaf the

smig _Ie average was placed on the value of XLS since all of the da fen

within this range. Lines were then drawn parallel to the best linear fit

line ad dis placed frm this line by an amount equal to E 19% of the Rs

aadepc sample averages. -The resulting amzallelograa specifies a much

more reaistic region in which the sets of parameters of "acceptable" motors

- must lie. If a motor data set lies outside this region, the stability

predicted by the worst-case duzW load cannot be guaranteed. At least

90% of all motors tested for this study fell within the regions specified.

It can be seen that there now exists two values for each of the

I extremes of Rs and Pc corresponding to the maximum and minimmn values of

S XL s. The sets of data corresponding to the corners of the parallelograms

j will be used as the parameter extremes necessary for worst-case du.iy

load determinations.

j Figure 8 illustrates a matrix of all the possible worst-case

loads.j oadC. COM- EQUIVALENT CIRCUIT PARAMETER DETERMINATION

1. From Experimental Test Results:

Using measurement techniques as given in NAFI TR-1053, Zo, Zs,

and Z% of the control winding must be measured at various frequencies
along the band of interest. These impedances are given in Figure 9 along

j with their definition in terms of motor impedances Z and Ze as previously

shown in Figure 5. The values of Zi and Z3 are then calculated for each

frequency with the aid of a time-sharing computer program given in Figure

10. A print-out of the results of one of these calculations is given in

Figure 11. Note that the print-out provides a check of the data by [

supplying the measured and calculated values of Za for comparison.

26
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I[

II (MAxIDM) RC (IIIIMWv', .

XL S(MAX.) 6 I* 61 51 50

R (MAX.) Vs
30o 31: 41 4o

30 31 IaD1

-R (MIN.)X2s-0 71 81 80

CT (MM.) CT (MAX.) cT (m.)

Figure 8 Matrix of Possible Combinations of
Extreme Motor Parameters [ I

*These numbers represent a code for each particular combination of parameters.
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F 10 REM:INSERT DATA IN LINES 1000 TO 2000. THE ORDER OF DATA IS-
f 20 REM FRMEQUENCY, Vo. VIOP THETA, VS. VIS, PHI. VA, VIA. ALPHA. [

100 PRINT "CALCULATION OF SERVO MOTOR IMP]EDANCE El ANID Z3,8El
110 -PRINT

I2OPRINT"ENTER NO. OF FREQUENCIES AND VALUE OF CURRENT SENSING RESISTOR 1
130' -INPUT 4,R1 -

140 -DIM' FC1S5)
160- DIK 0C15)
160 DIM, S(15)
180 DIM DC15)
I190-DIM CiS)
i22 PRINT
2 04 LET K-i
206 :PRINT "FREQ"s"ZI MAG (MEAS)"s"Z1 AUG (MEAS)ws
gig,-READ C.V0.V1,A1.V2vV3*A3pJ4pV5pA5

-220-'LET FCK)-'C -
-3od LET OCK)=VO*R1/VI
20 lET-SCK)'=V2*Rl/V3 f
260 LETE(K)-A3/57.296
280 PRINT F(K)s4*V4*R1/V5,A5-

-300 IF'K-6iN THEN 210
310O PRINT
320-PRINT*"FREQ"."Z3 MAG""Z3 ANG"*"Z1 MAG (CAL)",9"Z1 ANG (CAL)ll
330 LET KI~
3,40- LET ZA.OCK)*C0SCDCO) j
350 -LET Z2=0(K)*SIND({))
360 LET Z34S(K!*COSCK)) 1
370 LET Z4=S(K)*SIN(E(K),
380-LET Z5SR(IZ)2C2Z)2
390 LET T5wATN(CZ2-Z4)/(Z-,3))
400 IF CZI-Z3)40OTHEN 420
4-10- GO TO 460-

420 IF(Z2-Z4W31=O THEN 450
430 LET T5=-3.1416+T5
440 GO TO 460
450 LET T5a3*1416+T5

46OLET Z6=SQR(O(K)*Z5)
470 LET T7=CCD(K)+T5)/2)*57*296
480 LET Z7=4*Z6
490 LET Z8-Z6*COS(T7/57-296)-
500 LET Z9=Z6*SIN(T7/57*296)
530 LET X3=2*SQR((Z1-ZI3)t2+(Z2-Z9)t2)
540 LET T-3ATNf(Z2-Z9)/(Z1-Z8))*57.296
550 PRINT F(K).Z7pT7*X3.T3
560 LET K-K+1
570 IF K4=N THEN 340 -

575 PRINT
580 PRINT" IF MORE DATA NEEDS TO BE PROCESSED, TYPE IN NEW DATA AND"
581 PRINT "RUN AGAIN"
1000 DATA 0
9999 END

Figur~e 10 Tirn-Sharing Compouter Promrar for Calculation of' Motor
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S-MOTO 15:52 CH-E W1E 10/11/7

Li CALCiLATION OF SERVO MOTOR IMPEDANCE ZI AND ZS.

-~ENTER NOi. OF FREQUENCIES AND VALUE OF CURRENT SENSING'RESISTOR?' 12,50.25 ,

FREP ZI A[MEAS] ZI ANG [MEAS]
U 40 RR.R938 3.6

U 100 28.938 5.7
200 30.15 10.4
300 30.9038 15.3
400 32.16 18.3
500 34.17 21.7
600 35.6775 " 24.2
1000 40.7025 31.1• 4000 .0. 4 50,7 • "
10000 145.795 59,7
40000 389.438 69.1
1000010 854.25 77.2

MR EO Z3 MAG Z3 ANG ZI MAG [CAL3 ZI ANG (ECAL].
40 17.9421 42,1675 23.369 11.2639

10 oo .7099 92.10o75 28.7323 4.48266
200 104.209 78.025 29.4477 10.8801

I I 300 136.673 73.0499 31.661 14.8957
4no 167.455 71.2285 .32.6309 18.7388
500 , .200..744 69.6922 33.6832 22.2425
600 227.975 68.5288 34.9347 23.26$2

100326.425 67.2633 39.9336 28.8
4000 992.042 64.9246 ' 8.9767 50.3961
10000 1856.85 69.271 . 141.125 59.6089
40000 7073.07 69.7973 38..025 70.9497100000 19702.6 -42.7853 812.296 79.1365

IF MORE DATA NEEDS TO BE PRMCESSED, TYPE IN NEW DATA. AND
RUN AGAIN

TIME:. 5 SECS

5 Figure 11 Calculated Values of Motor Impedances Z, and Z.
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t The equivalent circuit parameter vaiues of Figure 5 are calcu-
~lated from the 7.1 and Zo magnitude and angle versaus, frequency plots

shown in Figure 12. From these plots, the significant break frequencies

and asymptoticvalues are obtained. Then, using the equations in Figure

12, the equivalent circuit values :are determined.

2. From Mathematical Manipulation of Equivalent Series Circuit ]
Parameters: -

Extreme parameter values have been determined for the series

equivalent circuit, but the complex equivalent circuit more accurately

represents actual motor impedances over the frequency range of interest.

to determine which of the 16 possible dummy load configurations (see Fig- [3
ure 8) represents the worst-case stability load, the complex equivalent

-circuit should be determined and evaluated for each of the 16 possible

loads. Areas of probable instability occur at frequencies other than

40 Hz; therefore, the complex circuit is necessary. A comparison of the

frequency responses of the two different equivalent circuits is presented

in Figure 25b, page 61.

Figure 13 illustrates the two circuits which must be equated at

400 Hz to arrive at parameter values for the complex equivalent circuit.

The variables which must be determined are K, L, and R, and the necessary

i equations are also given in Figure 13. After a value of K is assumed,

equation (1) is solved to determine a value of L which is used in equa-

tion (2). These equations are solved using a time-sharing computer
library program. These equations must be solved several times for differ-

ent values of K until an acceptable value of K is determined. The pre-

ferred values of K (0.6 to 0.9) and R are those close to values obtained

on the few motors tested in the lab. In some cases, two values of R are

obtained in the allowable range, and the lower value of R is chosen since

it is closer to the experimental values obtained.

The results for the servomotors tested at NAFI are given in

Table V, page 25.

I 3?
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A minimum possible value of K can be calculated frtom the follow ;,

~ing equation:

-(-l + Q:2 -1)(-

where Qx, 27T fLs

The actual value of K chosen has a secondary effect on the motor transfer

~impedance, Z12, and consequently, on stability as can be seen in Figure
25b, page 61.
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VI. ;I RVO AMPIFIER D:SCUSSION

A. GENERAL DESCRIPTION

The individual representation of motor impedances Z1. and Za2

constitute the motor portion of the servo amplifier/servomotor flow graph

shown in Figare 1. The remainder of the flow graph depicts internal "

amplifier operation. The following equations give the closed loop gain

of each half of the amplifier: V

V GGG G Z .0A = 2 3A MA 11

V 1-GGGZH (6-I)
IN 2 3A HA 12 1

V GCG Z G G M v'
f 1,12 30 MB 11V I-G G G Z H (6-2)

-!N 2 3 B 11 1

From these gain equations, the system characteristic equations are:

02G 3 GMAZ12H-i 0 (6-3)
G%9sGm9ZjIHj-l = 0 (6-4)

The amplifier/motor combination will oscillate if either

equation 6-3 or 6-4 is satisfied. It is obvious that the GH of the

amplifier (Cl (cGsGmH,) is necessary for loop gain calculations. Usually,

none of thpse internal parameter values are available, and it is, there-

fore, necessary to obtain them by measurements.

In Chapter IV it is pointed out that obtaining the loop gain

characteristics by means of CODED analysis or by open-loop, frequency
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response testing is not feasible in a roduction enviromnent. Tetefbre,

ii it is necessary to develop a technique employing external easuzrnt with

no access to the feedback loop to determine the internal Dert the loop

gain.

B. GH OBTAINED BY EXTERAL WISUR4ET

1. Equation to Demonstrate Feasibility

It is relatively easy to show how GH may be measured if the cir-

L1 cuit has only a single feedback loop. Figure 14 illustrates the flow

graph diagram representation of both the closed loop transfer function

i(C/R) and the impedance measured at the output terminals (z,) ,ith a load

impedance ZL attached. Zm can be obtained by driving the output terminals

with an external current source (Iox) and measuring the resulting voltage.
The amplifier input terminals are shunted with a resistance equal to that

value used as the amplifier source resistance in the servo system.

In the equation for ZK, everything except the GH product is

known. Figures 15 and 16 illustrate that the same GH measuring technique

L may also be applied to amplifiers which have multiple or internal feed-

back loops.

2. Measurement Techniques

The GH measurement method consists of obtaining the output im-

j pedance of the feedback side of the amplifier over the frequency range of

interest. (40 Hz to 100 KHz was used for the laboratory measurements

phase of this project.) The circuit utilized is illustrated in Figure 17.

At discrete frequencies in the range of interest, the value
Sof P1 and the data to~ compute Z are entered into a computer program to

compute GH and the load ZL which will make GhZL = ll _0. This load

shall be called ZL (unstable). The computer program flow chart is il-

lustrated in Figure 18. Figure 19 presents the computer program as

written in G.E. card fortran and Figure 20 presents the computer pro-

gram as written in time-sharing basic language.
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Table W presents the n 5es of the veriables used in thesejccmputerprgas
3. G for flon-Feedback Side of the Aidlifier

-: J o o e GH calculated from the output imnedance measurements is Li

only for the feedback side of the amplifier (see Figure 1). For the non-

j fe'ddback side of the amplifier, the absolute value of GH is approximatelyJ : the same and the Dhase is 180P from the phase of the feedback side. The

value of I for the non-feedback side cannot be measured by external means. jj
C,- HOW TO OBTAIN Z11 AND Z1 2 (unstable) CURVES FRO14 G CURVES

I Since the magnitude of GH is assumed equal for both sides of the

amplifier, the magnitude of ZI1 or Z1 2 (for borderline stability) would

.V
IN 1 GM Io ZL VO C VO GY ZL

R l 1GM ZLH

HH

z V

"I

1x L V0  V0  Z

M I - l-GM Z H

H

I Figure 14 -low Diagrams of a Single Loop Amplifier f
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C V 0 'GTGM)

R VIM - G, ~. 4 F1 + H( rG,
Li Z~Z =

V I N 0 I

Figure 15 Flow Diagrams of a Multiloop Amplifier
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Y I G1 G2 G TO ZL  F-

G22 -

WhHeG x  ;-, r

L 1

Gi GX GM ZL

C -v - - "___ '__-____

SIN -C-1 GX  GM  ZL  H 1"

Where GX. 2

1- G2 H2 L

2L 2

1 ZL H 0

bowo

GM

LzU
md

1 GG G Z H
l 1 X 1 Li1

Loop Gain G1 Gx G ZL H

Figure 16 Flow Diagrams of' an Amplifier with Internal Loop
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NAPI TR-1331
r F03-68-41 GH-EQU -0 0
C PROGRAM To CALCULATE GH MAGNITUDE AND ANGLE AND BORDERLINE 100
r STABILITY LOAD.0N FIRST DATA CARD PUT NO OF FREQS(20 MAX:19VALUE OFIlOS CURRENT SFNSE RESISTOR* AND LOAD RESISTOR VALUE-(FORMAT I392F5-0).12 0 -

ON REMAINING CARDS PUT DATA IN THIS ORDER- FREQINPUT VOLTAGE,- 3Q
CURRENT SFNSE VOLTAGE, ANGLE OF INPUT WRT CURRENT SENSE VOLTAGE 14C
-(FORMAT P8.0,3F5*0). 159DIMENSION F120},V(20),r{20|,T(20),L(80) 166'

[" 95 K=I 170-
I .READ 25,NR' P2 220

25 FORMAT A LD IO A -RO2 023065 IF {K-N) ->i .35,45 240
is READ 5FK9()9(OTK 5
55 FORMAT (F8.0,3F5.0) 260

K=K+I 270
iGO TO 65 280

Ll45 K=l 290
R=57o296 300

READ 46,'(L(I),I=1,80) 302S46 FORMAT (80A1] 304
PRINT 1r,(LII=,80) 305

15 FORMAT (2oHISA GH CALCULATIONS,/8OA1/ 306
11 10H FREOUFNCY,7X,3HVIN,1OX93HVCS, 30
2 6X,1HANn VIN/VCS,4X,6HGH MAG,7X,6HGH ANG,5X,1IHZ UNSTB MAG92X, 308
3 11HZ UNSTB ANG/) 309

75 IF (K-N) 8598595 310
85 D=T(K)/R 320

Z2=V(K)*R/C(K) 330
GI=COSF(D /Z2-1e/R2 340
G2=-SINF(n)/Z2 350
G3=SORTF(CI!*G!+G2*G2) 360
J=l 370
IF (ABSF(sI)-I-8) 125*1259136 375

136 IF (G1) 11591259135 380
115 IF (G2) 14591559155 390
145 J=-l 400
155 T3=J*18C.+ATANF(G2/G1)*R 410

GO TO 380 420
135 J=O 430

GO TO 155 440
1 125 IF (ABSF(G2)-1E-8) 175,175,126 445
126 IF (G2) 165,175,185 450
165 J=-l 460
185 T3=J*90* 470

GO TO 380 480
175 PRINT 176,F(K),V(K),C(K)9T(K) 490
176 FORMAT (4(PElO4,3X),24HGH MAGNITUDE EQUALS ZERO) 500

GO TO 440 510
380 Zl=]*/G3 520

IF (T3) 215,225,225 530
1 215 T1=-180.-T3 540

GO TO 235 550
225 TI=180.-TA 560

- 235 PRINT 245,F(K),V(K),C(K),1'(K),G3,T3,Z,T1 570
245 FORMAT (8(PEIO.4,3X)) 580
440 K=K+1 590

GO TO 75 600
END 610

-Figure 19 Card FORTRAN Computer Program for Computation of GH and Zuntb).
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10 REM INSERT DATA IN LINES 500 TO 800s THE ORDER OF DATA IS-20 REM FREQUENCY* INPUT VOLTAGE, CURRENT SENSING VOLTAGEi AND ANGLE
l 30 EM OF INPUT VOLTAGE VRT CURRENT SENSING VOLTAGE* r

100 PRINT "PROGRAM TO CALCULATE GH MAGNITUDE AND ANGLE, AND" ,
1,05 PRINT "BORDERLINE STABILITY LOAD"0
110 PRINT
120 PRINT "ENTER NO. OF FREQUENCIES* VALUE OF CURRENT SENSE RESISTOR"
121 PRINT "AND LOAD RESISTOR VALUE"
130 INPUT NiRI,R2
140-DIM (I5)

' 1 60 DIM IC15)
:: 170 DIN TCI5)

, " 180 LET K=ulI
190 :PRINT _j

200 PRINT "FREQ-".VIN","VCS", "PHASE ANGLE OF VIN HRT VCS"
210 IF K>N THEN 250 n,
220 READ F(K), V(K), ICK)p T(K)
225 PRINT FCK),V(K),I(K),T(K)
230 LET K=K1

20GO TO 210
250 LET KI [i

260 PRINT
270 PRINT"FREQ"1,"GH NAG"P"GH ANG","Z UNSTBL MAG","Z UNSTBL ANG"
280 IF K>N THEN 455
285 LET D-T(K)/57.296

290 LET Z2=(V(K)*RI)/I(K)
300 LET GI-COS(D)/Z2-1/R2
310 LET G2=-SIN(D)/Z2
330 LET Jul

335 IF GI=0 THEN 350 V
336 IF GI>O THEN 345
340 IF G2<0 THEN 365

345 LET J-0

346 GO TO 370
350 IF G2>0 THEN 360

1' 351 IF G2=0 THEN 358
355 LET J=-i
356 GO TO 360
358 PRINT "GH MAG EQUALS ZERO"
359 G0 TO 440
360 LET T3-J*90
362 GO TO 380
365 LET J=-iI370 LET T3=J*I80+ATN(G2/GI)*57.296

380 LET Zl=l/G3 I
390 IF T3<O THEN 420

400 LET Tln180-T3
410 GO TO 430
420 LET T1-180-T3
430 PRINT F(K),G3, T3, Z,TI
440 LET K=K+1
450 GO TO 280
455 PRINT
460 PRTNT"IF MORE DATA NEEDS TO BE PROCESSED, TYPE IN NEW DATA AND "
461 PRINT "RUN AGAIN."
500 DATA 0
999 END
Figure 20 Time-Sharing BASIC Computer Program for Computation of GH and Znstnh]

g4



-Y --

---- - --- ----.-----------
"

- ----- ---- ,-

NAFI TR-1331 f
ao

TAE VI

I LI DEFINITIff OF VARIABIES UME ZN CWMPUPTION OF GH AM ZL (UxNsUTaB)

I=E NO. VAMLE DFNTO

1 L(I) User information such as Mgr., P/N, S/N,Ietc. (The printout °wili be a duplicate of theinput punched on the final data card.) -

2 C(K) Current sensing voltage array
3 F(K) Frequency array
F T(K) Angle of Input with respect to current

sensing voltage arrayK 5 V(K) Input voltage array
6 D T(K) in radians
7 GI Real part of GH
8 G2 Imaginary part of GH
9 G3 GH magnitude
10 N Number of frequencies
11 R Conversion factor (radians to degrees)
12 R1 Current sensing resistor value
13 R2 Load resistor value
14 Ti ZI unstable angle in degrees
15 T3 GH angle in degrees
16 Zi Z unstable magnitude
17 Z2 Measured impedance at amplifier output

45



NX11 TR-1331

be identical and equal to i/ GH . The angle of Z13, which would cause-

* ," borderline stability, is 1800 minus the angle of GH. Also, Z1 2 has about

1800 phase difference from Z.1 at 400 hertz. It can be shown that comparing

Z32 ± 1800 with the unstable load determined from GH (non-feedback side)

-+1800 will yield the correct stability information for the non-feedback

side. For all of the amplifiers tested, Z1 never caused instabilities while

Z 2 for the one tuning capacitor case presented the greatest possibility of

instability. It is for this reason that the stability predictions and

calculations for this study are based only on this single tuning capacitor

configuration. i'

-D. CURVE COMPARISON

Figare 21 illustrates a composite plot versus frequency of the

-Zip for a typical motc and the Z unstable for an amplifier. The plot

of -Z12 is presented because, as previously explained, in all the cases U
examined, Z11 never made the amplifier unstable. The loop gain which in-

volved Z12 exhibited tendency for instability in both the one and two I

tuning capacitor cases, but the former was more severe. The stability

criterion mentioned in Figure 21 indicates when the open-loop gain trans-

technique is simply a quick method to examine the overlayed motor/amplifier

characteristics to perform a simplified Nyquist stability analysis. The .
value of the loop gain (LG) is

becauseI = IZ11I!Z bl
LG = ,2 ./Iunstable)}i

because ILGI = IGHZLI f

and IZn I 1.0
Sunstable 

IGH

The ILGI = 1 when the magnitude curves cross, and the G = ± 1800 when

the phase angle curves cross. The stability criterion is determined from

Nyquist stability analysis which indicates right half plane poles if the

point (-i, 0) is encircled by the polar plot of LG. Further discussion

of the stability criteria is presented in Chapter VII.
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I:

1 VII. -SABILITY -DFTERMlTION__ Tnrw±QJESf

JA 26 WOD i ATiON

As epapinai previou sl, -he,_motor equivalent series- circuit iI
- parameter-value liiits :were represented in a matrix of 16 circuit cases

S1" -±- or- eah motor, size (see.Figure :8) The circuits in each group -were con-

vetted, iniro more -ompiex cicuits which- required missing parameter value-

": " determiation. 'The-irdividual. circuit,, in each.goup that exhibits the

most- untable characteristics will represent that size -motor as the worst- I
i- cse-stability, cuit in -agreement with this, the-circuit that presents

-the gratest oppdtio to simliier output power (i.e., causes mnimum

ou~tgit power) will be -the wrs-casec -power cict.Ti otae-o-

dition was chosen td determine if the ampiffiers could deliver an accept- LI
::" -ble (W.imr), ampunt of'pqwer to the ioad-, -Another possible worst-ease

- ;conlit io'.uis that. load Which causes maximum power to be delivered by the r'

amplifier- which, would indicate whether the output, stages could withstand

- maximum -load current. The latter worst-case power condition was not con-

sidered in this study, This-means that each of these worst-case circuits I

contain the worst possible. parameters combination in their respective

.- .sampl,motor group. Since -the other circuits possess better power or f
stability char a cteris'Oics, an amplifier that operates satisfactorily

- with the- worst-case circuits will perform better with any other sample

motor within-that group.

2.. DuM Loads

a. General - With dummy loads that simulate the equivalent cir-

cuit in Figure 5 for nominal, worst-case stability, and worst-case power,

amplifier parameters such as stability, power output, gain, phase shift,

: I linearity, and temperature range performance can be measured or determined.

For proper dummy load simulation at temperatures above or below room

temperature, the temperature-sensitive motor parameters in te equivalent

circuit must be projected from their normal temperature value to the I

4- 8 u
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motor test temperature. Table VIT lists- thewrt-aedu a&mz-
Hetets projected to +125*. This TC1ZDitl! -alp3fi~ tdstimg- t dMfred'

temperatures wihile th od eanat rowt timperiture. Alap, this i

eliminates the improper load simulation. possible with du load componeft

value changes due to tenperature cycling, Substituting .a q fiedians;-

former and- low toieiance decade- boxes -for, the para.eterh in Figure 5
ifould provide rapid -practical motor simulatio4 f4# Several motor sizes-

with the same .dummy load, With this type duW ioad-based on praet;cal

correlated motor Specifications, incoming inspection-acceptance tests. can -

virtually assure servo amplifier/m6tbOr combination compatibility., .nther

very important point is that the dunmy load motor parameter vilue- have-

to be determined only once.

[1' b, ComputerAided Solution Technique - Driving-point impeda hce

(Z1 and transfer impedance (ZIs)are the major-fnotor paiameters as seen

by the amplifier, In fact, these iipedance magnitudes and angles-musit

simulate actual motor performance for the a plifier. Worst-case motor

load simulation is accomplished by, reducing aU of %the worst-case equi-

valent circuit parameter values into their usable ipedance-equivalents,

(ZI 1 and Z12). The magnitudes and angles are calculated by a computer

program. The printout of the card fortran version and the time-sharing

basic version of this program are illustrated in Flgures 22'-and -23 . Table

VIII defines the variables used in these computer programs, This pro-

gram solves equations 7-1 and 7-2 for Z11 and Z12-, These equations are

developed in NAFI TR-1053.

R SL
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C F-074-'22G

0*W46WATDFROM TPE0AA 0 RGRAO Z12EQJ 10,
READ 4, tF f14 -' I 19) 3

40 FofMtnk 416 1 9
45 READ ,OvN.Rlv EL1,EL44CAYoC 100

fl 50 vORM0 (16F6.i2,F6i,34p6.4,F6.1,F6.29E9.2) 20

60) P~qNT* 70,1413
70 FORMAT (-1 24X.9HCASIE NO0* 914//)10

L 80 PRINT 8210
82 FOOMAT (1M1.2X,6bHSERVO 04OTOR DRIVIN4G-POIN4T fill) AND TRANSFE 10

I EDANCE..122)) :163

8i 5 PRINT,904m4 1 6 f
90 FORMAT 0/124X9CASE NO* V140/i) I-r

r, 95 PRINT 100 i
100 FORMAT(4X,9KFREQUENCY,4X,8HZ11(MAG)'4-X9SHZ11

4 ANG ,4XSHZ12(104) ,4X190

2SHZl2UANG),4XvSHPWR LOAD/) - 100

[1 110 W 2*3#14259265*F(I) 2206,
LIEL4 Q £-CAY!!!EL . .230

EL6 EL4-EL1. 240 1
'J L5 CAYoEL 250

EM4 k4*1'4+4W*tL4)**2 Z60,
LjES 3R4/E4 270

EE 5' i/(W*EL&5)4W*EL4/EA4 260

EM5 ! 200

E3 1! ES/EMS 300
EYE,3 xEYE/M5+K!qL.6 310

E7 a R1+E3 320
UEYE7 3W*ELI4EYE3 

0

EM?1 47E.YE 340

~iES a E7/EM7 350
EYE$ w-6t_1M-C 360
EMS ES*ES+EYES*EYES -370

E9 *(-(/ES/4360

EYE9 a(EYES/EMS4W*EL1)/4 390
K29 a SoATF(t0Ef4Yt9*EYE9) 400

T9 w ATAF(EYE9/E9*7*296 410
j X'o420

J2 a 430'

IF( E09)217 450

276 J 0l 460

270 IPIEY(E9012 210 470

20J1 *-1 480

2f1 TO n Y9 +J4 18li 490

P1' (R14E8/EM8)/4 500

P2 a (W*EL1-EYE'/EMS)/4 510

P3. SORTFPI*P1+P21P2) 520
P4 *ATANF(P2/Pl)*57*296 530
PS * Q4_!_C4/57*296) 532

40PRINT 34bvF(I19,P3:PA;Z9.T9vP!5 540

IF (1-13)150945 570
350 1 aI+1 570

60OTO0110 580

Figure 22 Printout of Programn to Calculate Load Impedances Zand Z 2
ICard 'POIRRN Verion)-
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JOrA? P-2~ r!1T.P'lT
02 T"~~'' v? cCC;jM -1 Ll3''f!T" I ) N~ i 0 '~ 93r CA Z 1P ED A1 SEf TFRPt 01 -ES 99 ~!
(VRC~ri C'~ KA~ E'93P A,7TIP(

~ P o~s~n ~ PD'r-A A ,tPDITJf AL FP,-
05-0, 1>,F, V1ALIF. f-INT CASE 4 IN LIKE SOO

OP10 PPT"J1' .PN

11 'I'~ S~l FEUEN'OCY.', I(1G)",Z I I(,A!G) "Z,'V?(IIA),IZ(AtG)"

M"f -P3?-T

P10) LET L;JY*
J40- LFT L;."

115 -LET L5 Y 1.
j 60 LT ,-j4 z-A * RA + 4* LA)*

17 LET, 30:PAf14
~O LT Jii/(L5)I-ULA/iM4

j~0LE m5=F5*"5+!5*kj5

10j- LF~ 5~+~.
9-MO LET E7:p1-13n

2A0 IL-ET r.%71
;r3 F.9: F~z 7/147

;6 LT jIs (J7/M7-'-f*C)*(-1)H
270 LET -0F*F$3-+j '-.32?71 LIET F(r4--:4 / 1-c
272 LET M(~f3'-*I/
?73 LEFTZ(E*'+9 9)[
_)7A LE1T:T/ )57i 6

j 2.75- LET .: 0

2(;LET dI:-1

2,7 . LET.1:. 1

M? LET P2:( IJ',ic"i5W3)

9V LET P3.=FnR(P1*P1+P2*P.)
9-45 LET FPATW4P2/P1)*57,2?6
330 PPPTE FP3P4t7')qTq
350OREAD F

360 U =+
270 G2 a TOi 190
q0(O DATA 170
900 DATA 1?00
90? DAhTA 6A
904 DATA 3AE-3
906 DATA ,l07,9?17,.73
919~ DATA 1 .53F-6s
914 DATA R0/A0O9100

Figure 23 Printout -of' Program to Calculate Loadi Irnpedanceg Zj, and Z12

(Time-Sharing BASIC Vesion)
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c, Worst-Case Stability - The impedance (magnitude and angle)
Of -Z1 for -each different combifiation of extreme motor parameters (see

igut_.e 8)-were compared-with the ampli Z able (magnitude and angle)-:: " - at vou feqenieThe combination of motor Tarameters which xesulted

} i ' ,etets -whi.ch :resulted in the largest absolute -value of -the angle of :Z.

14avt au megaeade motor equivaent teprtrct airuitepraete. frhm

l:T~owing eoniditions --ere Vie same for sizes 8, i1, and-15 servomotors;

. ,(-I) -r~e nt-i case number -.was 71, Checking this case number

in e- iffo possible !bads ,(Figure 8) zhows that the equivalent cir-

- cu-t .arameter valu, for the worst-case stability dummy load have defi-
n2. 4 ,v1.e trends - , XLS and C are maximum, and Rs is minimum.

.- - {12) The erantiperatire was maximum. Generally, as the
_,amplifier Z:- -a : magnitude and -absolute -value of angle Z n

~b~L-eunstable
decrease wjth increasing temperature, the motor Z.2 magnitude and absolute
value of the angle of Zj. increases with increasing temperature. Thus, I.
the possibility that instability may occur increases. This shows that an
ampJifej/motor combination operating normally at room temperature can

very-easily become unstable at increased temperatures.

d. Worst-Case Power - As previously mentioned, the worst-case

power equivalent motor circuit as defined in this report causes minimum

amplifier output power, The matrix case numbcrs that fulfilled this re-
quirement contained the maximum real component of driving-point impedance
(Z11) (i.e., the maximum JZIJ Cos /Z 1). Like the worst-case stability 7

tests, the worst-case (W.C.) power conditions occur at maximum temperature.

These worst-case circuit values are also projected. to their proper values
at the maximum motor operating temperature. The sizes 8 and 11 worst-
case power circuits are the same as the sizes 8 and 11 worst-case stabili-
ty circuits, respectively, with one exception. The tuning capacitor (CT)

54
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value is minimium for W. C, Tower and maxmium f or -,WC. ztabillty. For

the size 15 motors, the W.C.. power dummy :load corre.9onded to case W

of the .matrix in Figure :8, The ,egui-valent circuit .parameters corres-

.onding to this case are: R is a maximumu; X snd .C -re ,a

minimum. Table :X 'below reviews the worst-case Tower dummy load

Tparameter conditions.

- _TAmE 7x PARAM=ER -TnyT ", OR VORST-CASE TOwER )1MAY ILOADS

Item Yarameter Size 8 & -1 Motors :Size 15 Motor

I Matrix Case lN. 70 Wo

1 2 Temperatl2re Max Max

P C Max -Min

4 Min Max

6 C 'Min Min

3. Load Implementation

Once these worst-case and nominal load parameters are deter-

-mined, there still remains the problem of igplementing the load by

actual components for laboratory tests. The most difficult item in the

eguivalent circuit to simulate is the ideal transformer. The CODED-"'T"

automatic transformer design computer program was used to obtain a design

which would approximate the ideal transformer characteristics. Figure

24 is the computer printout of the performance and construction data

for the transformer design which was used for the simulation of all

three sizes of motor loads. The resistances in the dummy loads were

simulated by selected carbon composition resistors and the inductances

by decade inductance boxes. The transformer leakage inductance was

used to represent the leakage between halves of the control winding.

When calculating the va.ues for the external resistors and inductors,
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- .the -effeet of the transformer internal parameters (e.g., secondary

- -lakage, 6C ahd turns ratio) should be compensated for when possible
%-_- } ' -- 'for 'more ac-curate simulation.

- The magnetizing impedance of the transformer is high compared

to the secondary load, so the leakage inductances, DC resistances, and

turns ratio are the only parameters of significance. The experimentally

determined transfofmer marameters are:
I-- DC resistance (pri.) = .5 ohms

I DC resistance (sec.) = 9.3 ohms

- Leakage inductance (pri.) = 2.6 mh
I Leakage inductance (sec-):= 2.6 mh

- " - Turns ratio (NpIN) = 0.907:1

I . Load Comparisons (Practical, Ideal, and Experimental)

SOnce the parameter values were calculated for the loads using .?

practical components, an analysis of Z42 versus frequency using the

CODED computer circuit analysis program for the practical loads (Figure 26)

was performed and compared with the desired frequency responses of the ideal

-loads (see Figure 5). These loads were constructed in the laboratory,

and the Z responses were determined experimentally. Figure 25a illus-

trates the comparisons between the Za responses for the ideal (Figure

*5), practical (Figure 26), and experimental (Figure 27) worst-case

stability loads for size 8 motors. It is thought that the reason for the

disagreeme.it in the experimental curve at high frequencies is Caused 1

by inaccurate prediction of the transformer distributed capacitance6 which

have a significant effect.

Also; on the same drawing the Z 2 of the practical equivalent

series dummy load (Figure 28a) is plotted bo illustrate the differences.

It should be noted that the equivalent series dummy load differs signif-

icantly from the others at frequencies below the carrier frequency. The L
importance of this will be discussed later. Figure 25b also illustrates
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these differences and the effect of changes in K for complex loa-ds.

f} The Z1 2 curves in Figure 25b are for ideai dummy l6ads for the size 8_

motor. 
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' _E G T~ d 1FV (P'4P"'-U WIT WO M~-CASE DU M~ i1OA ) IT
Al. of the am!li fiers vhich have an -outout ixer rating of

approjamatelY 3.5 watts were tested with the size 8 and size 11 servo-

motor dmby loads wbile al of the high-powered amplIfiers were tested

with; oiy the size 15 dumy load. Since the worst-case (as far as

stability is concerned) is when the amplifier temperature is highest

'(iepsulting in high st ampliy'er gain), the amplifiers were all placed

ini-an -oven at their maxjmnmi rated case temperatures. To avoid having

to :implement a dummy load -which duplicated tie motor temperature
dependence characteristics, the dtm !oad w-as kept outside the oven.

All tempereture dependent parameter values of the equivalent circuit

were pkrojected up in temperature to the maximum. This maximum motor

tem erature was de'6ermined by adding the temperature rise caused by the

fixed phase winding being energized to the maximum ambient temperature 3
(+125 0 C) for the motors.

fith the amplifier and dummy load at the proper temperatures, [
-a- transfer -characteristic plot (see Figures 30, 31, and 32 ) was made

utilizing a demodulator test set designed and built at NAFI and a X-Y I

recorder. A great deal of information can be obtained from these plots

such ad low frequency stability, gain, gain linearity, phase shift,

saturated output voltage, and cross-over distortion. The function of

the demodulator test set, is to provide an amplitude modulated input 400 Hz

signal to the amplifier and to demodulate both the input signal and the C
amplifier output signal. The test set provides DC output signals for the

X-Y recorder which are proportional to both the in-phase and quadrature

components of the demodulated signals.

C. COMPARISON OF PLOTS OF Z (unstable) AND Z1. FOR WORST-CASE STABILITY

DUMMY LOAD

To understand how stability information may be derived from a U
comparison of the Z (unstable) curve and the Z12 curve for the worst-case

66 -



ZL (S) is the eon~iex load on the Am ii, an- G() ;s J depn.et ..
of the -load. or a gi-en -frequency a -value of -he GE -produ yt e -'be

detemined e-U-ien y, andna value of Z can be caliulated trom:the !

characteristic eguatio#: GEFk.+ 1= 0. lhnis lue of Zj is that ieh i:

~cau.ses W.orderr1ne instability -and is cgaled V'(untle). _

-information similar to that obtaind from -Nyquist staility - i

plots can-be obtained from the coqiarison-of these curves. _Thie ollowimg

equatibns~ ~~ iniaeta h -o gain magnitude .at any -give- frequency Is

I ll Z unsable)- -

IZ~~~ (usa(4lJ30

sti ld loan he tesotable) (7-5)

Also, th e phase angle of th ioop gain can be shown to beplus
or minus 18e when the Z curve crosses Z (unstable), Therefore,,a Tolar

plot of the loop gain can-be considered to encircle the -point (-i, 0)

which indicates inability on a yuist plot, when the loop gain magni-

tude "is greater than one Z1 1 > IZ Ts ale a Zre uen when the
loop gain phase angle is plus or minus 18e (at a crossover of the phase

curves). Figure 21 illustra' es rwo staole crossovers aia one unstable
crossover. One cannot blindly assume nat meeting th e aove critera f or

~~encircling tne-point (-l., 0) will ensure instabiiy TheacuaNyus

plot (a polar plot of the loop gain) should be sketched from the Z12,

Z (unstable), and GH curves or values. As indicated above, the loop gain

magnitude and the points where the loop gain angle equals ± 18CP can be
easily extracted from the comparis of Z12 and Z (unstable) curves. The

loop gain phase angle for any given frequency would be the sum of the
phase angles of GH and Z. This sketch of the Nyquist plot should be

made at least once for each new amplifier configuration to ensure whether

the curve will encircle the point (-l, 0) in the proper direction or not.
For example, the polar plots n Figure 29 (a) and (b) of loop gain pro-
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0"';

#eIggaing An the Airection of~ increasing 1rej eny are, respectively, e-

cqirpling and mot -encircling _the :point (-Is,0).t
* Vnsta~b~e~Stabl

'U -be:M

0)i,o

*cros5Odier points of :phase
lots ona FIgure 21

noted Ven cotabilities
ar 9Jingtee-rst tba n

m ever - curdfrfrequencies below iJ0O ,ert z. It sio I ls Ib oe

fro the cui~ei in. tigitne 2,5 tbat tbe ,equivalentseis4owla

(igure 28) ZI-4 curye closely :matehles-the iore eom!Olex Adunuy 26
* '(Figure 2 -)aZ cive :for frequencies ~oe~O et.

-been C1noyn -before. the -testing for -this study, the v.orst-case :stability
*dur l~.diatliz&. oul hae-been the zix~ler equiivalent ser:ies model -Figr

-8. lover to ensu2re tir hat the' dmm load Is -worst-case for AUl the
jI fIrequencies ,of jprobable, InstAbility, then~ore complex ~dummy load (?igure

26) Is -_ecommended and ps -utJlIzed. Vhe aimpe ~euvlent series dummy

Is, -however , fuflly adequati, for -nomr-hal and -worst-casi power Aum load
tests on. aglifiers, -where 11 e 40 'hertz -value of the load impedance Is of~

priinary imortance,. The more compiae dun~ od'a tilized for the

v~orst-case *powler testing because the parameters for this load differed

from theworst-case stability load by only the capaio -vaue fo 'he

sizes 8 and U1 motors. The amplifiers were not tested 'with nominal dummy

~ }-D. CCHAWION OF T RESUM~ OFTH TWO STABL = DET1'flNAION~

TOEilNIQUES

Table X lists the servo amplifiers that were tested. Table XI
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- -sdmmarizes the stability and power output information obtained from the

transfer function characteristics for each amplifier. To evaluate the

- . -ac. curaa of stability predictions using worst-case diumy load testing, [H
:- the stailiypredi'tion information from the frequency-responses and I

fkt&-rthe transfer funhction, plots uilizing dummy loads are summarized and

2!.TkAk......in Table__ OutIfa possible total of 38 correlations (match-

irig- stability predictions),, there were 30 (79% of the total) correlations

I and 5 (13%'of the total) borderline situations. There were only 3 (8% of
-the- total) disagreements in the stability predictions. The reasons for !
thie Cisagreements. were not dtriebut only two different amplifiers

a'd involved. The Nyquist plo s of these amplifiers were made, but the

stabilty predictions did not change..

It is felt that there is sufficient correlation between the two

stability testing methods to allow confidence in the stability predictions

utilizing worst-case stability dummy loads. However, if test equipment

similar to the demodulator test set is used to determine 
stability, an

oscilloscope should also be used to monitor the amplifier output voltage

to deitect low level oscillations at frequencies above 400 hertz. These

high frequency oscillations would be filtered out by the demodulator if

they did not affect the amplitude of the carrier signal significantly.

7,
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AM - - 113i-

-rD -COW

3.1 _ _ _ _ _BB; )

A 8- B- & B

B 8-

US - S +

- xBS B

13 S S

1L SS+

8- S S +

3.1 S - +HI8 sS +
11 S s +

U. S UjJK 8 U U,+
liE B B--+
1]1Ii S NA N

L 8 , U U +

fLU B B +

11i B NA -NA13M 8 S s +
US S +

Ni 8 S S +
U1 S S +

0 15 curves not curves not NA
available available

P 15 S U

Q8 S S +
11 S S +

RI 8 S S +
11 S S +

s 8 S S +
liE S 8 +

III B MA NA

T 8 S S +

11 S S +

U 15E B U B
151 B NA_____



TABLE -XII (Centiu)

-!The letter I idicates ideal load, -and tie- letter E inidicates
:experliaiental iced-used- in lab tests.

t. ftTU table
- Plos agree

(~~) -Posdisage
B,- Borderline U
A 4A't appicdable

74i
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U ~ ~~Viii. EVAUATIOIN JO)LIFtER -

A. CRITI FOR EYALUATI0N- OF SERVO AIEPIj /SEMVrfM CUBN=IE

U1. Stability Evaluations Using- Motor -and. Amplifiei Yfrequencqy - -

Chaateristici

u The exact criteria-for stability prediction using-thee quecy -

characteristics ~oiprison was- presented in section 4IAC. -Soe 'U L
Suerrors exist in the values of the-curves due to measurement ibcur6I e
fand coe4iutations. -the tests were performed on, at wost; * le -site

of two tor any given -amplifier mo~del number. Table X lists the amplifiers

which were tested. -Therefore, the spread of fr-eoiency characteristics fok-

larger sample size would be -significantly grtr
All that "was done in this -situation was to list whether or not

the awi-rla c- -htia operated solidly- .In, the itabole or unstable
I Iregions. Combinations. which came "close" -to being- stable, or unstable- w ere

categ.corized "borderl-ine". The definition of "close"' is scmevbjt arbitrary,

-but alabitions were evaluated using thbe same definition. A combi-
~nation is considered borderline if (1) it a crossover of the anglis of

&2and Z (unstab].e)- (lopgan-nl-=1 ) h-opgi-antueI (Iz2h/IZ (unstable)I)is in the range of 0.8 to 1.25 or (2) when the
loop gain magnitude is 1.0,, the loop gain phase angle is withini 2(1' of

2. Stability Evaluation Using Transfer Function Characteristics I7

As indicated previously, only the instabilities which cause

I F]major perturbations in the amplitude of the amplifier output will be de-

~ U - tected on the output of the demodulator test set. Figure 30 illustrates

~ f ~a transfer function plot of a combination which did not show signs of

oscillations while Figures 31 and 32 present X-Y plots which illustrate

I. slight and severe oscillations, respectively.

LI Higher frequency (greater than 400O hertz) instabilities which
cause only very small changes in carrier signal amplitude can be detected3 by using an oscilloscope to monitor the output voltage waveforms. Since

17.5
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these lower amplitude oscillations did;-not,- disrt the _gan :tb-uhhe- ,"

famplifier/load combination, these doibihations .were hot -ensider "por-=

tant, and the- outputs -were ot monit6red with a scope.-

~, Ii3. -ifier Power, Outpuit Evaluation -

As mentioned, previously-, the worst-c&se power du icad- was
selected to Cause the minimi& poer output from the ampifies. The am!i-

fier -power output was calculated from the real part of the dum y Iload,.
impedance (at 460 hertz) and the in-phae comonent of the OUtput voltage

in the saturation region of the transfer charaCteristics -lot. These

test results represent the minimum amount of useful power (that which pro-

duces torque in the motor.) -which the amplifier will -suply.

. B. SUMMARY OF TEST RESULTS
Uo

Table 4, sunmarizeg the data taken-from the transfer plots for

- each amplifier.. Included in this table are stability and gain linarlty-

information for the worst-case p6wer dummy loads-on the amplifiers.

UStability prediction information using both the frequency
response comparison method and the transfer function characteristics is

presented in Table XII- along with the correlation between the two .diffew-

ent prediction methods. Since the experimental dummy load frequency

characteristics did not agree with those of the ideal dummy load at high

frequencies, there occasionally appears a different stability prediction-

for the ideal and for the experimental load. Only the predictions from

Uthe experimental loads were used to correlate with the transfer plot
stability predictions.

C. SUMMARY OF SERVO AMPLIFIER PERFORMANCE

The servo amplifier performance data is presented in Tables XI

and XII. It would be more beneficial to present this data and let the
kJ reader draw his own conclusions rather than make arbitrary divisions be-

Stween acceptable and unacceptable performance. However, Table XIII does

make predictions of the stability of amplifiers which were tested when

connected to any motor with specifications which fall in the ranges given

in the recommendations (section II). It should be emphasized that these

predictions are based on a very small sample size.

I r79
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TAME ~iI .DfAmnplifier Stability

ID F 7C&AMMOF 1ORt~ SIZE

8 J3,

11 S -

zS

--,F -8 S1 1 S -

- 8 u

.. .. .. - n . S
. 8 S

-8 s

q_ 8 D f
hf 8 s I

:1. S
L 8 u

jn B

M 8 S
l1 S

11

0 B FA

T 8Is
U. S

S-Stable U- Unstable

B - Borderline Stability D - Disagreement in Predictions
hA - Not Available (Amplifier Oscillates) .
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